Recently, nanomaterial-based enzyme mimetics (nanozymes) have attracted enormous interest. They exhibit unique advantages such as excellent robustness, stability, and low-cost production with easy scale-up, which are critically needed as an alternative to natural enzymes. These nanozymes exhibit natural enzyme-like activity and have been applied to various kinds of detection and treatment methods for biomolecules such as DNA, proteins, cells, and small molecules including glucose. To highlight progress in the field of nanozymes, this review discusses recent nanozyme-based research results and their applications for the development of novel biosensor, immunoassay, cancer diagnostics, therapeutics, and environmental engineering technologies. Current challenges and future prospects of nanozymes for widespread use in biotechnology are also discussed.
Introduction
Early diagnosis of diseases is an area of growing importance for the medical community. The early detection of diseases helps improve therapeutic decision-making, which decreases the severity of illness and length of hospital stay. Accordingly, a number of biosensing techniques have been developed for rapid, reliable, and sensitive detection of biomolecules that can be used as indicators of disease. Among various biosensing methods for diagnosing human diseases, natural enzymes such as horseradish peroxidases have been frequently used for bioassay, as they can catalyze various colorimetric reactions in the presence of specially designed substrates, and they display good sensitivity and selectivity towards the target molecules [1] . In spite of their novel catalytic efficiency, natural enzymes have critical limitations for industrial application, such as low stability in harsh conditions (temperature and pH) and relatively high costs for preparation, purification, and storage. Therefore, over the past few decades, researchers have made an intense effort to develop artificial enzymes for a wide range of applications. For example, chemical complexes based on cyclodextrin [2] , porphyrin [3, 4] , hemin [5, 6] , hematin [7] , and specially designed biomolecules in the form of nucleic acids and proteins have been successfully used to mimic the catalytic activity of natural enzymes [8] .
In this regard, Fe 3 O 4 magnetic nanoparticles (MNPs) have been found to exhibit intrinsic peroxidase activity [9] . This remarkable discovery opens up the way for a new class of enzyme mimetics. To date, various nanostructured materials have been reported to possess intrinsic enzymatic activity, including Fe 3 O 4 magnetic nanoparticles (MNPs) [9] , platinum nanoparticles (Pt NPs) [10] [11] [12] , cerium oxide nanoparticles (CeO 2 NPs) [13] , gold nanoparticles (Au NPs) [14] [15] [16] , copper oxide nanoparticles (CuO NPs) [17] , BiFeO 3 nanoparticles [18] , CoFe 2 O 4 nanoparticles [19] [20] [21] , FeS and FeSe nanoparticles [22] , graphene oxide [23] , single-wall carbon nanotubes [24] , and hemin-graphene hybrid nanosheets [25] . Herein, we name these nanomaterials which have enzymelike catalytic activity "nanozymes." In contrast to natural enzymes, nanozymes are inherently robust, stable in harsh conditions (pH and temperature), and easy to mass-produce with simple scale-up. These advantages make them promising candidates for analytical and environmental applications [26] .
In this paper, we present a comprehensive review of recent research on nanozymes and their applications categorized by representative fields of application, such as biosensor, immunoassay, cancer diagnostics, therapeutics, and environmental engineering. We also provide challenges and research trends in the emerging nanozyme research field ( Figure 1 ).
Fundamentals of Nanozymes
Due to the absence of an active site in nanozymes, where only a specific substrate molecule binds and undergoes a chemical reaction, researchers have developed various strategies to endow nanozymes with specificity to target molecules. The most representative strategies can be divided between the oxidase-coupled method and the surface-modification method. In the oxidase-coupled method, nanozymes with peroxidase-like activity gain their specificity by being coupled with oxidase, which generates H 2 O 2 as a product of a catalytic reaction which occurs only in the presence of the target molecule. Peroxidase-like nanozymes subsequently catalyze the oxidation of colorimetric substrates with the resulting H 2 O 2 . For the surface-modification method, an antibody is generally conjugated on the surface of the nanozyme to provide specificity toward antigen molecules, mostly in the colorimetric immunoassay system. By conjugation of the antibody specific to the target antigen on the surface of the nanozyme, the nanozyme can act as a target-specific probe, generating a colorimetric signal in the presence of the colorimetric substrate and H 2 O 2 . In the same manner, ligandconjugated nanozymes can specifically bind to target receptors and produce a colorimetric signal when the targeted molecules bind on the nanozymes' surface. Aptamers are attracting interest in the fields of therapeutics and diagnostics and are becoming promising candidates for use in giving specificity to nanozyme-based biosensors. The intrinsic enzyme-like activities of nanozymes are generally believed to be produced by atoms present on the surface as well as in the nanozyme's inside core. Thus, the atomic composition of nanozymes is the most important factor in determining their catalytic activity, although other factors such as size, morphology, surface coating and modification, pH, and temperature can also have an impact [8] . Based on the type of composition, nanozymes can be distributed into three categories: metal oxide-based, metalbased, and carbon-based nanozymes.
Metal
Oxide-Based Nanozymes. Metal oxide nanoparticles have been widely used in the field of biomedical applications such as biosensor, targeted drug delivery, tissue repair, immunoassay, and contrast agents in magnetic resonance imaging (MRI) and cell separation [27] . Since metal oxide nanoparticles are commonly considered chemically and biologically inert, additional surface engineering and subsequent conjugation with functional substances are required to endow metal oxide nanoparticles with functionality. Recently, inspired by the notable discovery of the intrinsic catalytic activity of MNP as a peroxidase [9] , metal oxidetype nanozymes have attracted great interest, with a large number of papers discussing newly reported enzyme-like activities of these nanomaterials. A variety of metal oxidebased nanozymes have been discovered to possess enzymelike catalytic activities (peroxidase, catalase, and superoxide dismutase (SOD)), including MNPs [9] , CeO 2 NPs [13] , Journal of Nanomaterials 3 cobalt oxide nanoparticles (Co 3 O 4 NPs) [28] , manganese dioxide nanoparticles (MnO 2 NPs) [29] , vanadium pentoxide nanoparticles (V 2 O 5 NPs) [30] , and CuO NPs [31] . Generally, metal oxide-based nanozymes with peroxidase-like activity have been those most widely investigated by researchers, owing to their convenience for constructing amperometric and colorimetric detection systems by utilizing the capability of peroxidase to catalyze certain substrates which generate the corresponding electric and colorimetric signal in the presence of hydrogen peroxide (H 2 O 2 ). Herein, we focus on colorimetric detection systems utilizing peroxidase-like nanozymes and associated applications.
Metal-Based Nanozymes.
Metal-based nanozymes, such as Au NPs and Pt NPs, have been discovered to possess the catalytic activities of oxidase, peroxidase, catalase, and SOD. In addition to the single nanoparticle system mentioned above, nanocomposites which combine a metalbased nanozyme with other nanozymes have been also intensively developed, including Fe 3 O 4 -graphene oxide (GO) [32] , Fe 3 O 4 -Pt [33] , Au-Pt [34] , and GO-Fe 3 O 4 -Pt [35] nanocomposites. Surprisingly, it was reported that metalbased nanozymes often exhibit synergistic effects which significantly enhance catalytic performance when coupled with other nanozymes as a composite [33] .
Carbon-Based Nanozymes.
Carbon-based nanozymes, such as fullerene, carbon nanotube, graphene oxide, and carbon dot, are also attracting great interest owing to their unique enzyme-mimicking activities [23] [24] [25] [36] [37] [38] [39] [40] [41] [42] [43] . They have been found to possess peroxidase and SOD-mimicking abilities and are widely utilized as signaling agents for signal amplification and detection of analytes in the field of biosensors and immunoassays.
Recent Applications

Biosensors.
In recent time, horseradish peroxidase (HRP), which can catalyze the oxidation of a variety of substrates by H 2 O 2 , has been one of the most commonly used enzymes for the construction of biosensors. In spite of its high catalytic efficiency, HRP-based biosensors have critical problems, in that the catalytic activity of HRP is prone to degradation in long-term storage and harsh conditions, thereby leading to errors in the process of sensing. To solve this problem, a peroxidase-like nanozyme which is highly robust against environmental conditions is utilized in place of HRP, providing a cost-effective method of fabrication of biosensors. Based on the colorimetric detection method above, many approaches have proceeded by varying the colorimetric substrates and nanozymes used. N,N-Dimethyl-pphenylenediamine sulfate (DPD) was used as a colorimetric substrate in place of ABTS [45] . The DPD-MNPs analytical system showed several advantages (lower operating temperature and detection limit and higher sensitivity) over the system using ABTS, because DPD is more easily oxidized by H 2 O 2 than ABTS and because oxidized DPD (DPD + ) produces a colored product with a strong absorption maximum at 550 nm. Aside from the signal-on colorimetric method above, Jiang's group has developed a new type of fluorescence method using rhodamine B (RhB) as a substrate [46] . In this method, MNPs catalyze H 2 O 2 to form the radical OH, which can oxidize RhB to form colorless and nonfluorescent products. In short, the more the H 2 O 2 exists, the weaker the fluorescence intensity of RhB is.
Other nanozymes have been also reported to detect H 2 O 2 . Au NPs have been discovered to possess intrinsic peroxidase-like activity [47] . Cao's studies reported that positively charged Au NPs can catalyze the oxidation of TMB by H 2 O 2 . Carboxyl-modified graphene oxide was shown to possess intrinsic peroxidase-like activity that can catalyze the reaction of TMB in the presence of H 2 O 2 to produce a bluecolor reaction [23] . Concentrations as low as 5 × 10 −8 mol L There have been several reports of an electrochemical biosensing platform using GOx-coupled nanozymes. A highly efficient and robust electrochemical biosensing strategy employing a nanocomposite harboring GOx-coupled nanozymes was developed by our group [49] . In this report, MNPs and GOx were entrapped in the pores of mesoporous carbon, in which GOx immobilized in the nanocomposite generates H 2 O 2 which then is directly reduced to H 2 O, with the electrocatalytic reduction mediated by MNPs. This system showed a linear range of (0.5 to 10) × 10 −3 M and a detection limit of 0.2 × 10 −3 M.
Oxidase-Coupled Methods (Except Glucose Oxidase).
On the basis of the mechanism of glucose detection above, several different oxidases have also been coupled with nanozymes for the fabrication of biosensing platforms. A nanostructured multicatalyst system consisting of MNPs and cholesterol oxidase entrapped in large-pore-sized mesoporous silica has been developed for convenient colorimetric detection of cholesterol [50] . This multicatalyst system is composed of MNPs incorporated in the wall of mesocellular silica pores, forming magnetic mesoporous silica (MMS), and cholesterol oxidases. In this system, cholesterol oxidase immobilized in the MMS promotes a reaction with cholesterol to generate H 2 O 2 , which subsequently activates MNPs in the mesocellular silica pores to convert a colorimetric substrate into a colored product. The result of this investigation shows the cholesterol oxidase-coupled method to have high selectivity and sensitivity (limit of detection, LOD, of 5 M in the linear range from 10 to 250 M) for the detection of cholesterol. A colorimetric method for detection of galactose, which utilizes a nanostructured multicatalyst system consisting of MNPs and galactose oxidase, has also been reported [51] . The clinical applicability of this multicatalytic system was successfully evaluated as a promising analytical tool to diagnose galactosemia, by determining the concentration of galactose eluted from the dried blood specimens provided by clinical hospitals. Apart from the above oxidases, alcohol oxidase has been used in a colorimetric biosensor for quantification of ethanol and methanol [52] . The nanocomposite system utilizing alcohol oxidase entrapped in mesocellular silica with MNPs provided a rapid and convenient platform for analysis of alcohol, with high stability and reusability. It showed a linear concentration range from 100 to 500 M with a detection limit as low as 25 M.
Other Methods.
Recently, peroxidase-mimicking nanomaterials such as MNPs, CeO 2 NPs, and Au NPs [15] have been employed for new methods of DNA detection. A labelfree colorimetric detection method for nucleic acids has been developed [53] . In this method, the target DNA in the sample, which is amplified by polymerase chain reaction (PCR), is directly adsorbed on the surface of the MNPs due to electrostatic interactions between the negatively charged phosphate backbone and the positively charged surface of the NPs, thereby inducing a shielding effect against colorimetric substrate binding to MNPs. The peroxidase activity of MNPs will decrease due to the DNA-induced shielding, so that the intensity of the color signal will also be significantly reduced. Using this detection method, researchers successively detected Chlamydia trachomatis in human urine, which is one of the common bacteria causing sexually transmitted disease (STD) [54, 55] . CeO 2 NPs were also employed in a label-free colorimetric method for detecting C. trachomatis, and this method provided ultrafast detection of the target nucleic acid (target nucleic acids can be determined within a few minutes) [56] .
A novel biosensing format using aptamers has been developed by several researchers based on the fact that aptamers, which are ssDNA or ssRNA that can specifically bind to a target, can replace antibodies for the specific recognition of target molecules. A method using chitosan-modified MNPs conjugated with thrombin aptamers was reported by Zhang's group [57] . They constructed a sandwich-type assay for the detection of thrombin with two thrombin aptamers. This aptamer-based assay showed a linear detection range from 1 to 100 nM and a detection limit of 1 nM of thrombin.
Immunoassays.
Immunoassays have been used in hospitals, laboratory, medicine, and research to improve the health and well-being of humans and animals. Information gained by clinical immunoassay testing has shortened the length of hospital stays and decreased the severity of illness by identifying and assessing the progression of disease, thereby leading to improved therapeutic choices. In life science research, immunoassays are used in the study of biological systems for tracking different proteins, hormones, and antibodies. In industry, immunoassays are used to detect contaminants in food and water and in quality control to monitor specific molecules used during product processing. However, the most commonly used enzymes in immunoassay include horseradish peroxidase and alkaline phosphatase [58] [59] [60] [61] [62] , which lose their enzymatic activities gradually over long-term storage [63] . To overcome these limits, various studies on replacing natural enzymes have been reported, and consequently novel types of immunoassay using nanozymes in place of HRP have been developed.
Sandwich or Antigen-Down Type
Immunoassays. Gao and coworkers reported an immunoassay using chitosanmodified MNPs (CS-MNPs) as a replacement for HRP in the traditional immunoassay [63] . They provided protocols for antigen-down and sandwich immunoassays with CS-MNPs and detected mouse IgG and carcinoembryonic antigen (CEA), respectively. Chitosan modified on the surface of MNPs prevented aggregation of MNPs, so that MNPs were easily dispersed in aqueous solutions. Meanwhile, amino groups in the chitosan provided a convenient site for covalent linking of antibodies to MNPs, thereby replacing the linkage of HRP-conjugated antibodies to CS-MNP-conjugated antibodies in the immunoassay. Capture-detection immunoassay Ferritins, nanoscale globular protein cages encapsulating a ferric core, were used in immunoassay in Tang et al. 's study [65] . In this study, ferritin showed a thermally stable and pHtolerable enzyme-mimetic activity derived from the ferric nanocore of ferritin. Two forms of immunoassay systems were constructed: antigen-down type and sandwich type. Avidin was selected as the target molecule of the antigendown immunoassay and nitrated human ceruloplasmin as the target molecule of the sandwich-type immunoassay. They also reported that the ferritins could be utilized in analytical applications such as H 2 O 2 assay. In their assay, ferritin oxidizes the p-HPPA in the presence of H 2 O 2 to generate a fluorescent product. This ferritin-based H 2 O 2 assay shows a detection limit of 0.16 M and a linear detection range of 40 M, which is one-order higher sensitivity with a broader linear response range.
Immunoassay systems for detection of rotavirus and breast cancer have been developed [66] , in which MNPs are conjugated to antibodies against rotaviruses and human epidermal growth factor receptor 2 (HER2). In this system, sandwich-type and antigen-down type immunoassay were used to detect rotavirus and HER2, respectively. For the detection of rotavirus, rotavirus antibodies were first immobilized in a well and rotavirus bound to the immobilized antibody. Subsequently, MNP-conjugated antibodies (MNP-Abs) were added to the well in order to bind to captured rotaviruses. Finally, the peroxidase substrate TMB was changed into blue-colored products in the presence of H 2 O 2 . An antigen-down immunoassay system was used in the case of breast cell detection, which did not require prior immobilization of antibodies in the bare well surface. Breast cells were cultured in a well so that they adsorbed to the surface of the well. MNPs-Abs were then applied to the cellcultured well, followed by adding TMB and H 2 O 2 to induce a colorimetric reaction. This assay system displayed excellent specificity, sensitivity, and linearity for quantitative detection of the target molecules, as well as the production of a color signal that could be detected by the naked eye.
Based on the above system, a nanocomposite-based immunoassay was also performed, in which nanocomposite entrapping MNPs and Pt NPs in ordered mesoporous carbon (OMC) were utilized instead of HRP [33] . This immunoassay generated significantly higher absorption intensity of color signal than the current ELISA and was able to quantify the target antigen very rapidly within three minutes, while the conventional ELISA requires several tens of minutes for color signal development [67, 68] . It showed a limit of detection (LOD) for HER2 of 1.5 ng mL −1 in the linear range from 2.5 to 100 ng mL −1 . The nanocomposite was found to have 50 times higher catalytic efficiency than that of free MNPs, owing to the high catalytic action of Pt NPs.
Graphene oxide (GO) has been used in immunoassay as a peroxidase-mimicking nanozyme [41] . Yan's group developed a sandwich-type immunoassay for the detection of cancer biomarker prostate specific antigen (PSA). In this work, a magnetic bead (MB) was used to immobilize the primary PSA antibody (Ab 1 ) and then a GO-conjugated secondary antibody (Ab 2 ) was applied in the presence of PSA. Subsequently, MB-Ab 1 was separated from the immunocomplex by an external magnetic field, and GO catalyzed the oxidation of hydroquinone in the presence of H 2 O 2 to generate a browncolored product.
Conjugating both MNPs and Pt NPs on the surface of GO enabled highly sensitive and rapid colorimetric detection of the target cancer cell [35] . In this work, it was notable that the electron transfer between MNPs and Pt NPs creates a synergistic effect, significantly enhancing the catalytic performance of MNPs-Pt NPs-GO nanohybrids. Using this immunoassay system, human breast adenocarcinoma cells (SKBR-3), which overexpressed HER2, were detected in five minutes with high specificity and sensitivity. The LOD for target SKBR-3 cells was found to be about 100 cells in the linear range from 100 to 1000 cells. Moreover, fluorescence imaging of SKBR-3 was successfully performed with MNPsPt NPs-GO nanohybrids.
Other Immunoassays.
By employing the superparamagnetic property of MNPs, a capture-detection immunoassay system has been developed by Gao's group [63] . In the procedure, the CS-MNPs were conjugated with carcinoembryonic antibodies (anti-CEA M111147) and then mixed with the sample containing CEA. After the CEA was captured by MNPs, a magnetic field was applied to separate the MNPs which had captured CEA. Finally, the MNPs capturing CEA were injected into microplate wells coated with another monoclonal CEA antibody, creating the sandwich format. Thereby, the MNPs prompted the generation of a color signal upon addition of colorimetric substrate and H 2 O 2 to the wells. Cardiac troponin I (TnI) in serum, a well-known biomarker for myocardial infarction, was also detected by a capture-detection immunoassay utilizing the magnetism and peroxidase ability of MNPs [9] .
Cancer Diagnostics without Immune Reaction.
Aside from immunoassay using antigen-antibody interaction, other novel assays using nanozymes have been developed particularly for the diagnosis of tumor cells. Asati and coworkers reported an assay for the determination of tumor cells with poly(acrylic acid)-coated CeO 2 NPs (nanoceria) as an oxidase mimic [13] . When the nanoparticles were conjugated with folic acid, they bound to folate receptors on the tumor cell (A-549 lung cancer cells), due to high expression of folate receptors on the tumor cell surface. Polymer-coated nanoceria as an oxidase mimic made detection of tumor cells easier than with traditional immunoassay, because it directly oxidized a colorimetric substrate to a colored product without H 2 O 2 and additional steps to introduce an enzymeconjugated secondary antibody. Further advances in this technology were also reported by employing a fluorescencegenerating substrate, ampliflu, to detect target cancer cells at around neutral pH [69] .
Another interesting study to visualize target tumor tissues without the use of any additional targeting ligands has also been described [70] . In this study, peroxidase-like iron oxide nanoparticles were encapsulated inside a recombinant human heavy-chain ferritin (Hfn) protein shell, which binds to tumor cells that overexpress transferrin receptor 1. The iron oxide cores catalyzed the oxidation of peroxidase substrates in the presence of H 2 O 2 to produce the colorimetric signal that was used to visualize tumor tissues. Through this strategy, nine types of cancer were successfully verified with enough specificity and sensitivity.
3.4. Therapeutic Applications. As described above, nanozymes have been widely used for detection and diagnostic methods. Besides these applications, many researchers have also studied therapeutic applications including antiinflammatory effects, neuroprotection, stem cell growth, and antiaging. In general, SOD was often utilized for therapeutic applications owing to its protective role as a scavenger of reactive oxygen intermediates (ROIs). Intracellular concentration of ROI, including hydrogen peroxidase, hypochlorite ions, hydroxyl radicals, hydroxyl ions, and superoxide anions, has been known to be a cause of cell degeneration and associated diseases [71] . Inspired by earlier studies by Seal et al. which revealed the activity of CeO 2 NPs as a SOD-mimic [72, 73] , various studies have been attempted to develop SODmimicking nanozymes.
Chen at al. reported that nanoceria as a SOD-mimic prevented retinal degeneration by inhibiting the production of ROIs [74] . In their work, nanoceria prevented ROIinduced apoptosis and intracellular accumulation of ROI in cultured retinal neurons in the presence of H 2 O 2 . They further demonstrated that nanoceria injected into the eyes of rats protected retina photoreceptor cells from light-induced degeneration. The study by Hirst et al. also demonstrated that nanoceria could be used for anti-inflammation by elimination of the radical oxygen species in J774A.1 murine macrophage cells [75] .
Superparamagnetic iron oxide (SPIO) nanoparticles have been employed to promote growth of stem cells. Huang et al. reported that Ferucarbotran, a commercialized SPIO, could promote cell growth in human mesenchymal stem cells (hMSCs) by diminishing intracellular H 2 O 2 and also accelerate cell cycle progression [76] . In this report, the intrinsic peroxidase-like activity of SPIO dramatically reduced intracellular H 2 O 2 after internalization into hMSCs, as well as free iron ions released from lysosomal degradation of SPIOaffected cell cycle control molecules.
Environmental Engineering.
Recently, environmental problems such as water and air pollution, food safety, and public health have become growing concerns in society. In addition to the aforementioned applications, nanozymebased techniques have been explored for use in the field of environmental technology.
3.5.1. Pollutant Detection. Ding et al. developed a simple and rapid colorimetric method for detecting melamine, an organic nitrogenous compound which is toxic when swallowed and has been illegally added to dairy products [77] . The principle of this method is as follows. Melamine inhibits the catalytic oxidation of colorimetric substrates (ABTS) by MNPs in the presence of H 2 O 2 , because it competitively reacts with H 2 O 2 , forming an additional compound. Consequently, the intensity of the ABTS color signal was dependent on the concentration of melamine. On the basis of this reaction, a colorimetric system using MNPs could enable easy detection by the naked eye of concentrations of melamine above safety limits in dairy products.
Nanocomposite-entrapping MNPs and oxidase in mesoporous carbon were used to detect several phenol compounds amperometrically, such as phenol, cresol, and cathechol [49] . These phenol compounds produced a concentrationdependent increase of cathodic current in this system, which may have great potential in the field of environmental monitoring.
Pollutant Removal.
Although there have been many methods for removal of industrial dyestuffs, such as absorption, precipitation, and ultrasonic decomposition, they could not efficiently degrade organic pollutants in wastewater. Nanozyme-based methods have been found to be a powerful, cost-effective, and simple method for degradation and mineralization of organic dyes from industrial processes. Most prominently, MNPs such as peroxidase have been investigated for degradation of organic pollutants, such as methylene blue, phenol, and rhodamine B. A MNP-based degradation method offers distinct advantages over existing degradation methods which use HRP, such as lower cost, high stability, and reusability. MNPs-H 2 O 2 could remove 85% of phenol from aqueous solution within three hours [78] . The MNPs-based degradation showed higher efficiency compared to HRP-based degradation and stability in a broad range of temperatures (5-90 ∘ C), leading to ease of storage. Furthermore, MNPs could be captured by the application of an external field and recycled for five rounds, retaining almost 100% of their activity. Removal of methylene blue by MNPs-H 2 O 2 coupled method has also been successfully performed by Jiang et al. [79] . It was observed that 96% of methylene blue was degraded in 15 minutes at optimized condition.
Gao et al. reported that MNPs-H 2 O 2 system could degrade biofilm and kill resident bacteria [80] . Biofilm, especially formed by Pseudomonas aeruginosa, occurs in hospital water systems and medical devices with high frequency, becoming a common cause of nosocomial infection [81] . In this report, MNPs-H 2 O 2 system exhibited significantly higher efficiency than the use of H 2 O 2 in degradation of biofilm. The authors confirmed that additional free hydroxyl radicals generated by MNP catalysis of H 2 O 2 facilitated the oxidative cleavage of biofilm components (nucleic acids, 
Conclusions and Future Research Aspects
Nanozymes have recently emerged as a potent alternative to natural enzymes. As discussed above, although they are still in the initial stages of research, their use has developed substantially in many different detection and treatment methods for biomolecules (Table 1) . Despite the advantages of nanozymes such as their low cost, high stability, robustness, ease of mass production, and long-term storability, there are several challenges to be tackled for practical use. Firstly, most nanozymes have low activity compared to natural enzymes. Even if the nanomaterial itself is highly active, additional coating and surface modification can decrease its performance. Therefore, development of novel nanozymes exhibiting high activity and appropriate surface-modification techniques are the emerging issues in the field of nanozymes. Nanozymes also have low selectivity to targets, owing to the absence of active sites where a substrate molecule binds and undergoes a chemical reaction in a natural enzyme. Although researchers have designed various types of surface-modified nanozymes with polymers, nucleic acids, and antibodies to provide selectivity mimicking natural enzymes, this is still insufficient for use in practical applications. Toxicity of nanozymes to humans and the ecosystem is also an essential issue to be solved in regard to environmental and therapeutic applications.
In order for nanozymes to be positioned as a novel source technology by efficiently overcoming the limitations of natural enzymes, we offer the following suggestions. The development of new nanozymes with higher activity and other positive properties than existing nanozymes is required. While traditional research on developing nanozymes has been performed by random screening of the enzymelike activities of existing unspecified nanomaterials, future research will follow a strategy of rational screening of enzyme-like activity based on those atomic compositions which are envisaged to catalyze enzymatic reactions. Furthermore, a strategy to prepare composites can be expected to resolve the current major limitations of nanozymes of low catalytic activity, by exploiting their synergistic effect to facilitate electron transfer between composite materials during redox reaction. Bioinspired synthesis of nanozymes also provides an option to prepare nontoxic nanozymes, by effectively circumventing the use of toxic chemicals in conventional chemical synthesis, thereby accelerating their use in therapeutic applications. Finally, the development of novel surface engineering technology that can make nanozymes selective to target substrates will be important in this field. With the abovementioned research projects, we expect nanozymes to be widely employed in a wide range of applications in the near future.
